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Abstract
Photosynthetic water oxidation is a model for future technologies employing solar en-
ergy to split water into hydrogen and oxygen. Natural water oxidation is carried out by a
special manganese catalyst, the water-oxidizing complex (WOC), located in photosystem
II (PSII) of cyanobacteria, algae, and plants. Hence, there is great interest in the molecular
structure as well as structural changes during catalytic activity and assembly/disassembly
of the WOC. In particular, the light-driven assembly during photosystem II repair under
physiological conditions is poorly understood, and structural information about manganese
depleted PSII (apo-PSII) is required as a starting point for improving this understanding.
Recently Zhang et al. (eLife 2017;6:e26933) showed that the cavity harboring the WOC
in PSII remains largely intact upon manganese-depletion and suggested that deprotonation
of hydrogen-bonding pairs enables the charge-compensated insertion of the manganese
cations without any major change of the cavity structure. By computational methods we
have further investigated the structure of apo-PSII and show how it can be stabilized by
protons localized at the terminal carboxylate groups inside the remaining cavity. Ab-initio
molecular dynamics simulations suggest that not more than two water molecules fill the
void left by manganese depletion.
Keywords— photosystem II; density functional theory; ab-initio molecular dynamics;
protonation dynamics
1 Introduction
Efficient photochemical water oxidation can open a way to produce energy from sustain-
able solar power. Therefore it is of major interest to understand the mechanisms and the
special structural feature of water oxidation during photosynthesis and to resolve the struc-
ture of the photosystem II (PSII)1–4. Of special interest is the structure and construction of
1
the oxygen-evolving catalyst, which plays a leading role in the process of water oxidation
and is contained in the PSII. Understanding the selfassembly process of the OEC is of high
importance for the development of artificial catalysts showing attractive self-assembly and
self-healing properties5–11. Moreover, the cubane structure of the oxygen-evolving com-
plex is an inspiration for the design of PSII mimics to gain fuels such as hydrogen from
water with the aid of light. One possibility to mimic the inorganic catalyst is to use the same
components it is built up from like Zhang et al. have done12. Another idea is to mimic
the cubane structure for example with {CoII4O4}13–18 and {CoIII4O4}19–21 cubanes, which
have been object of experimental and computational research.
The PSII is embedded in the thylakoid membrane. Here the transformation of light
into chemical energy takes place. It is a photosynthetic enzyme that uses light to split two
water molecules producing molecular oxygen O2, four protons (H+) and four excited elec-
trons (e-). The PSII is a dimer and harbors in each monomer one water-oxidizing complex
(WOC)22 which has a Mn4CaO5-cluster core (see Fig.1 for water-oxidizing complex and
the coordinating amino acids). The shape of the Mn4CaO5-cluster is described as a dis-
torted chair23. A Mn3CaO4 hetero cubane cluster with an additional Mn in exo position is
connected to the cubane by two µ-oxo-bridges. Further four water molecules are directly
ligated to the Mn4CaO5-cluster, two at Mn4 and the other two at Ca2+ (see Fig. 1). The
whole cluster is coordinated by eight amino acids from two subunits of PSII23.
The PSII is damaged by light, therefore resynthesis is required as well as the reassem-
bly of the Mn4CaO5-cluster24. This process can occur as frequently as every 30 minutes
at full solar flux24–26. Reassembly of the Mn4CaO5-cluster of the WOC is known as pho-
toactivation24. During the photoactivation of the inorganic cluster a Mn2+ is oxidized to
Mn3+/Mn4+ 27. The exact way how the manganese ions return to the cavity is not clear up
to now and thus also the exact procedure of reconstruction has yet to be clarified. First
calculations have recently been conducted to elucidate possible initial Mn2+ binding sites
based on energetic comparison of different structures28. To investigate the reassembly of
the WOC, Zhang et al. removed the Mn4CaO5-cluster of thermophilic cyanobacteria T.
elongatus by treating the PSII with hydroxylamin (NH2OH), for the reduction to Mn2+,
and ethylenediaminetetraacetic acid (EDTA) as a chelator to fully remove the Mn2+, but
also Ca2+ ions22, which resulted in the so-called apo-PSII. In a next step they had a closer
look at the empty cavity using X-ray crystallography. Zhang et al. showed that possibly
two water molecules are inside this cavity. Besides, it was shown that the net-charge and
the structure of the WOC amino acids and thus the structure of the cavity are more or
less conserved during the removal of the Mn4CaO5-cluster. The positions of all coordi-
nated amino acid residues are largely unaffected forming a pre-organized ligand shell for
kinetically competent and error-free photo-assembly of the Mn4CaO5-cluster22.
In order to substitute the charges lost by removing the Mn4CaO5-cluster, the main idea
is to place protons at the carboxylate groups of some of the terminal amino acids, whereby
the positions of the protons are important for the reconstruction of the Mn4CaO5-cluster.
Due to their positive charge and spatial extent, the protons may perturb the return of the
manganese ions. However, protons can not be seen with X-Ray crystallography and that
is where computational methods come into play. With the aid of density functional theory
(DFT) and ab-initio molecular dynamics (ab-initio MD) we investigate various protonation
patterns in order to find the best fitting arrangement of positions and number of protons
conserving the structure and charge of the cavity. Elucidating this subject paves the way for
in-depth understanding of the self-assembly process of the OEC, which will be instructive
for design of artificial WOCs as well.
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2 Methods
The Kohn–Sham DFT calculations were performed with the turbomole-7.2 software29 us-
ing the def2-TZVP basis set and resolution of identity30–33, the BP86 functional34, which
yields good results for structural parameters35, and dispersion correction (DFT–D3)36. In
addition the COSMO model37 with a dielectric constant of ε = 20 was employed for the
surrounding protein environment. The value of 20 for ε was chosen based on investigations
of Simonson and Brooks who found that the dielectric constant is in the range of 13 to 30
in the outer part of a protein38. Solvent continuum models have standardly been used in
previous work on PSII (see e.g. Refs.4,39). All energies given are electronic energies plus
the COSMO correction.
Moreover, DFT-based MD (so-called ab-initio MD) simulations were carried out with
CP2K40/ QUICKSTEP41 utilizing Goedecker–Teter–Hutter (GTH)42,43 norm-conserving
pseudopotentials and DZVP-MOLOPT-SR-GTH basis sets44. A time step of 0.5 fs was
used and the canonical sampling via velocity rescaling (CSVR) thermostat45 in order to
keep the system at the target temperature of 300 K with a 100 fs time constant run in NVT
ensemble. Due to its good outcome for structural features35,46 in all simulations the PBE
exchange and correlation functional was used47. After equilibrating the trajectories the
ab-initio MD was simulated for at least further 5 ps.
An input structure was extracted from the protein structure file of the apo-PSII Zhang
et al. provided (PDB ID:5MX2). For reasons of resolution only the so-called locked
side with lower atomic B-factors of the PSII was taken into consideration22. We tested
model systems of varying sizes. The model finally chosen was built up from the amino
acids coordinating the water oxidizing complex, namely: Asp170, Glu189, His332 Glu333,
His337, Asp342, Ala344 and Glu354. In addition Leu343, to link Asp342 and Ala344,
Asp61, Tyr161, Gln165, Asn181, His190, Lys317, and a chloride ion near the His332 and
Arg357 residues were added. Furthermore, the two water molecules inside the cavity seen
with X-ray crystallography as well as seven extra water molecules were included, see Fig.
2. The free bonds at the ends of the amino acids are saturated by hydrogen atoms. The
same model systems were used for the DFT optimizations and ab-initio MD.
The overall net-charge of the apo-PSII has to be similar to the PSII net-charge. In
order to do so, as a first guess, five protons were placed at the His332, Glu333, His337,
Asp342 and Glu354 residues. Since it is highly probable that His332 and His337 residues
are protonated22, only the protonation at each of the carboxylate groups of the Glu333,
Asp342 and Glu354 residue was varied, by considering two possible positions at each of
the carboxylate groups, to find the most preferred proton positions within the cavity. There
exist eight possible combinations to arrange the remaining three protons at the carboxylate
groups of Glu333, Asp342, and Glu354.
The reference arrangement is the proton ordering Zhang et al. suggested22, called
system 0 in the following and shown in Fig. 2.
Starting from system 0, seven more systems were created (see Fig. 2), inverting the
position of one or two protons at certain carboxylate groups, where inverted means that the
proton is placed near the other oxygen atom of the carboxylate group:
• System 1: inverted at the carboxylate group of Glu333
• System 2: inverted at the carboxylate group of Asp342
• System 3: inverted at the carboxylate group of Glu354
• System 4: inverted at the carboxylate groups of Glu333 and Glu354
• System 5: inverted at the carboxylate groups of Asp342 and Glu333
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• System 6: inverted at the carboxylate groups of Asp342 and Glu354
• System 7: inverted all protons at the carboxylate groups
The protons for the starting structure of the calculations are placed in such a way that
they face inside the cavity or a near oxygen atom and the distance to the carboxylate oxygen
is 0.96 Å.
3 Results and Discussion
We started the investigation with structure optimizations with DFT and ab-initio MD of
the systems 0 to 7. In both cases the atoms of the backbone were fixed, only the residues
of the coordinating amino acids, additional water molecules, and all hydrogen atoms were
able to move. Next, the distances and mean values, respectively, between certain oxygen
atoms of the amino acid carboxylate groups were determined and compared to the distances
measured in the X-ray crystallography by Zhang et al. (see Fig. 3). Due to the error of
measurement (2.0 Å resolution), all distances with a difference less or equal 0.4 Å to the
distances given by Zhang et al. have been taken to be in agreement with the experimental
data.
The resulting distances after the optimization with five protons are presented in table 1.
Each of the systems exhibits at least one distance that deviates noteworthy from the
crystal structure after optimization with DFT. System 7 shows a considerable deviation for
one distance and has the highest energy of all systems with an energy of ca. +18 kcal/mol
above the energy of system 0, which is the system with the lowest energy. System 3 has
also only one distance that deviates by the same amount. Its energy is 2 kcal/mol lower
compared to the energy of system 0. Evaluation of the proton motion inside the cavity,
observed in the ab-initio MD trajectories, depicts that a proton transfer from the nearby
water or the carboxylate group of Glu354 residue to the carboxylate group of the terminal
Ala344 residue occurs.
During the catalytic cycle in photosynthesis, the charge of the manganese ions of the
inorganic cluster changes. In the S1-state (dark adapted state of the Mn cluster) one Ca2+,
two Mn3+, two Mn4+, and five O2- ions are existent. Adding up the charges of the ions in
the WOC core results in a positive net-charge of +6. Since the net-charge should be nearly
conserved in the apo-PSII insertion of about five to seven protons in the cavity is advisable.
Taking this and the behavior seen in ab-initio MD into account, it appears reasonable to
suppose that there is an additional proton at the carboxylate group of Ala344, so that now
six protons are inside the cavity introducing six positive charges. Although a tendency of
the proton transfer to only one oxygen atom (called OXT in the following, see Fig. 3) of the
two of the Ala344 residue was observed we investigated both possible proton positions at
the Ala344, in DFT optimization and ab-initio MD. So in each of the systems an additional
proton was placed at the Ala344 residue (see Fig. 3).
Nevertheless, after adding an additional proton at the O or OXT atom of the Ala344
residue (see Fig. 3 for nomenclature), each expanded system has at least one clearly devi-
ating distance after optimization with DFT (tables 2 and 3).
Once again the proton behavior during the ab-initio MD runs is remarkable. A proton
was transferred to Glu189 from Asp342 or His337, respectively, if the proton of Asp342
was not facing the Glu189 residue. Having regard to this and the fact that Bucher et al.
showed that in the KcsA potassium channel the Glu71 and Asp80 residues share a proton
which has a tendency to stay at Glu7148, two new possible arrangement types came up,
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one placing the proton at the Glu189 residue instead of Asp342 (6 protons) and another
one with an additional proton at Glu189 (7 protons). In both cases the protonation at the
Ala344 residue remained conserved. However, bringing the proton to the Glu189 residue
instead of Asp342 did not improve the results in any of the expanded systems.
Finally, the case of seven protons was examined. As an example for such a proton
arrangement expanded system 6 before the geometry optimization is shown in Fig. 4 on
the left. After optimization, this modified system 6 shows a low energy and there is no
distance deviating more than the error of measurement after the optimization (see table 4
and Fig. 4 (right) for an overlay with the X-ray structure). The energy after optimization is
only 0.1 kcal/mol higher than the one of system 3, the one with the lowest energy. System
7 exhibits no distance deviating more than the error of experimental measurement, too.
Nevertheless the energy of system 7 is significantly higher than the energy of system 3
leading to the fact that system 7 has again the highest energy.
It is noteworthy that expanded systems 6 and 7 have the same ratio syn to anti proto-
nation, where the number of energetically less favorable anti-protonation49 is larger com-
pared to the favorable syn-protonation.
Table 5 shows the information of proton transfer observed during geometry optimiza-
tions. It is not surprising that such phenomena appear, and proton redistributions largely
reflect what was mentioned earlier. One may notice that for some expanded systems, pro-
ton transfer happens from Glu333 to Asp61, which has been regarded as part of a proton
channel (see, e.g., Refs.50,51). Expanded system 6 shown in table 4 which has been found
to be the system with low energy and distances not strongly deviating from the X-ray struc-
ture has thus only six protons in the cavity after the optimization. From this system, we
also removed the proton at the Asp61 residue and optimized the structure. All distances
were found not to deviate noteworthy from the X-ray structure. Test calculations were also
carried out for the expanded (6-proton) systems given in Table 3 and an additional pro-
ton at the Asp61 residue where again such expanded systems 6 and 7 showed the smallest
deviation from the X-ray structure.
In this context an interesting observation was made when the distance between the pro-
ton at His332 and an oxygen atom of one water molecule inside the cavity was constrained
during the ab-initio MD with system 0 and an additional proton at the OXT atom of Ala344
residue (six protons in the cavity; see Fig. 5 (left) for overlay with X-ray data). Here again
the proton was transferred to Glu189 and the missing proton at Asp342 was then trans-
ferred from His337 to Asp342 (see Fig. 5 on the right). During the MD, the carboxylate
group of Glu354 performed nearly a 180◦ turn. Table 6 shows distance information from
the ab-initio MD simulation.
When now the inverse oxygen atom is used for the distance determination from Glu354
residue to the Asp342 or Glu333 residue, the average values do not deviate much from the
values measured inside the crystal. As an example the distance between the oxygen atoms
Zhang et al. specified and between the other oxygen of the carboxylate group of Glu354
and Glu333 is presented in Fig. 6. Histograms showing the distance distribution are il-
lustrated in Fig. 7. Also, the obtained proton pattern contains protonated Glu189, which
matches what we have proposed in table 4. This is a further indication that a system with
six protons inside the cavity might be a preferred arrangement.
In the crystal structure two oxygen atoms belonging to water are observed inside the
cavity. To ensure this is not a coincidence a third water molecule was placed inside the
cavity. This water molecule was not fixed and could move freely during the simulations.
The final distances after optimization can be seen in table 7.
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Astonishingly, in some cases single distances are even better than without the third
water molecule. Also striking is that the distances between His332 and Asp342 always
differ significantly from the distances measured in the crystal structure. When monitoring
the movement of the additional third water molecule it seems as if the water molecule pulls
the carboxylate group of Glu189 and the hydrogen atoms of the two other water molecules
outwards leading to a rotation of the water molecules and a rearrangement of the amino
acid residues. This can be observed for example in the case of system 6 (see Fig. 8).
For other proton arrangements within the cavity, for example system 4, a proton exchange
takes place between the additional water molecule and the other water molecules outside
the cavity, which in turn release a proton to another near water or a carboxylate group.
Also during an ab-initio MD run with three instead of two water molecules in the cavity
proton transfers between single water molecules and carboxylate groups can be observed.
However, the additional water molecule does not remain in the cavity but leaves it and
the carboxylate group of the Glu189 residue is slightly rotated. Through proton transfer
and rotation of carboxylate groups, the amino acids finally orient in such a way that the
distances between them are as close as possible to those in the crystal, but not necessarily
with the proton arrangement that was given at the beginning (see Fig. 8).
4 Conclusion
We computationally investigated the structure of the apo-photosystem II aiming at a better
understanding of the reassembly of the water-oxidizing complex, which is of high inter-
est for design of artificial WOCs featuring attractive reassembly and self-healing proper-
ties. For this purpose we modified the X-ray structure of the apo-PSII of thermophilic
cyanobacteria T. elongatus recently published by Zhang et al. in 201722 (PDB ID: 5MX2)
by introducing protons into the empty cavity to find proton arrangements which stabilize
the structure of the “empty” cavity. Assuming that both histidine residues His332 and
His337 are protonated due to neighboring carboxylate groups, only the terminal carboxy-
late groups of Glu189, Glu333, Asp342, Ala344, and Glu354 were protonated as initial
guess for the calculations.
We started our investigation with five protons at eight different positions of the car-
boxylate groups of Glu333, Asp342, and Glu354. In accordance with likely charges inside
the cavity, we increased the number of protons from five to six and seven respectively,
based on the observation of proton transfers to the Glu189 and Ala344 residue in the ab-
initio MD trajectories. So we were able to identify possible proton placements conserving
the structure, namely expanded (7-proton) system 7 and expanded system 6 with seven pro-
tons (six protons after the optimization) inside the cavity, i.e. additional protons at Ala344
(OXT atom) and Glu189 compared to the start system. The latter system would support
the theory that during the reassembly of the Mn4CaO5-cluster the Mn2+ ion first moves to
the Mn4 position22 since the protons are far enough away from the possible pathway of the
ion to the Mn4 position. Nevertheless, the ab-initio MD trajectories at 300 K made clear
that apo-PSII has a flexible structure with several possible proton patterns energetically
and structurally similar to each other, since proton transfers and flipping of the carboxylate
groups to other arrangements can be observed.
Furthermore, our calculations indicate that an additional water molecule inside the cav-
ity may be unlikely, since the cavity is strongly deformed in our test calculations when
bringing a third water molecule inside it. In addition, the third water molecule leaves the
cavity during the ab-initio MD simulation. This result suggests that two water molecules
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presumably participate in the formation of the µ-oxo bridges and interconnect the two Mn
ions occupied at the Mn1 and Mn2 sites. Accordingly, the µ-oxo bridges and the two ions
can form a binuclear (Mn1-(µ-O)2-Mn2) intermediate during the cluster-assembly (Zhang
et al, 2017). In order to gain more detailed insight, further calculations are required in the
future.
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Table 1: Distances (in Å) and relative energies after optimization with DFT for the model
system with five protons in the cavity: Displayed in red are the distances that deviate more than
0.4 Å from the distances measured with X-ray crystallography. The relative energies Erelative
are calculated as Erelative = Ei −E0, i = 1, . . . ,7, where Ei is the energy of system i = 1, . . . ,7
and E0 the energy of system 0. Further the ratio syn to anti protonated carboxylate groups after
optimization is shown.
Distance sys. 0 sys. 1 sys. 2 sys. 3 sys. 4 sys. 5 sys. 6 sys. 7 crystal
Asp342−His332 4.3 4.4 3.7 3.8 3.8 3.7 3.4 3.8 3.3
Asp342−His337 2.6 2.5 2.8 2.6 2.6 3.8 3.6 3.1 2.7
Asp342−Glu189 2.6 2.5 3.4 2.6 2.5 3.5 3.4 3.3 2.9
Asp342−Glu354 3.5 3.5 3.2 3.1 3.0 3.1 2.9 2.9 3.0
Glu354−Glu333 2.9 3.1 3.0 2.6 3.3 3.2 2.5 3.2 2.8
Glu189−His332 3.4 3.5 2.5 3.3 3.8 2.6 2.6 2.6 3.0
Asp170−Glu333 4.8 4.9 5.1 4.7 5.0 4.8 5.5 4.8 4.4
Erelative [kcal/mol] 0.0 8.1 8.0 -2.2 9.2 15.7 9.9 18.0
syn/anti protonation 2/1 2/1 2/1 2/1 2/1 2/1 1/2 2/1
Table 2: Distances (in Å) and relative energies after optimization with DFT for all systems with
an additional proton at O atom of the Ala344 residue (see Fig. 3). Overall six protons were
added in the cavity. Displayed in red are the distances that deviate more than 0.4 Å from the
distances measured with X-ray crystallography. The relative energies Erelative are calculated as
Erelative = Ei −E0, i = 1, . . . ,7, where Ei is the energy of system i = 1, . . . ,7 and E0 the energy
of system 0. Further the ratio syn to anti protonated carboxylate groups after optimization is
shown.
Distance sys. 0 sys. 1 sys. 2 sys. 3 sys. 4 sys. 5 sys. 6 sys. 7 crystal
Asp342−His332 4.1 3.9 3.8 3.8 3.9 3.8 4.2 3.5 3.3
Asp342−His337 2.5 2.5 2.9 2.5 2.5 2.9 3.8 2.9 2.7
Asp342−Glu189 2.5 2.5 3.3 2.5 2.5 3.6 5.3 3.8 2.9
Asp342−Glu354 4.0 3.7 3.1 3.7 3.7 3.0 3.1 3.2 3.0
Glu354−Glu333 4.1 3.5 4.5 3.8 2.8 3.4 2.7 2.8 2.8
Glu189−His332 2.9 2.9 2.6 2.8 2.9 2.6 2.6 2.6 3.0
Asp170−Glu333 4.6 4.6 4.6 4.5 4.7 4.8 4.6 4.6 4.4
Erelative [kcal/mol] 0.0 -16.6 1.6 -13.7 -14.3 8.0 -16.5 -2.9
syn/anti protonation 3/1 3/1 3/1 3/1 3/1 3/1 2/2 2/2
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Table 3: Distances (in Å) and relative energies after optimization with DFT for all systems with
an additional proton at OXT atom of the Ala344 residue (see Fig. 3). Overall six protons were
added in the cavity. Displayed in red are the distances that deviate more than 0.4 Å from the
distances measured with X-ray crystallography. The relative energies Erelative are calculated as
Erelative = Ei −E0, i = 1, . . . ,7, where Ei is the energy of system i = 1, . . . ,7 and E0 the energy
of system 0. Further the ratio syn to anti protonated carboxylate groups after optimization is
shown.
Distance sys. 0 sys. 1 sys. 2 sys. 3 sys. 4 sys. 5 sys. 6 sys. 7 crystal
Asp342−His332 3.9 3.9 3.6 3.8 3.9 3.5 3.4 3.4 3.3
Asp342−His337 2.6 2.5 4.2 2.6 2.5 4.3 3.3 3.2 2.7
Asp342−Glu189 2.5 2.5 3.6 2.5 2.5 3.5 3.4 3.4 2.9
Asp342−Glu354 3.8 3.7 3.7 3.5 3.6 3.8 3.0 3.1 3.0
Glu354−Glu333 4.5 4.0 5.2 2.6 2.7 3.9 2.6 2.7 2.8
Glu189−His332 2.7 2.8 3.6 2.7 2.8 2.7 2.7 2.7 3.0
Asp170−Glu333 4.7 4.6 4.6 4.7 4.6 4.7 4.6 4.7 4.4
Erelative [kcal/mol] 0.0 -8.3 -10.8 -25.6 -11.6 -7.8 -18.3 -11.4
syn/anti protonation 3/1 3/1 3/1 3/1 3/1 3/1 3/1 3/1
Table 4: Distances (in Å) and relative energies after optimization with DFT with an additional
proton at OXT of Ala344 except for system 5 where it is at the O atom of the Ala344 car-
boxylate group. Further an additional proton at one oxygen atom of Glu189 was introduced.
Overall seven protons were added in the cavity. Displayed in red are the distances that deviate
more than 0.4 Å from the distances measured with X-ray crystallography. The relative ener-
gies Erelative are calculated as Erelative = Ei −E0, i = 1, . . . ,7, where Ei is the energy of system
i = 1, . . . ,7 and E0 the energy of system 0. Further the ratio syn to anti protonated carboxylate
groups after optimization is shown.
Distance sys. 0 sys. 1 sys. 2 sys. 3 sys. 4 sys. 5 sys. 6 sys. 7 crystal
Asp342−His332 4.8 4.7 3.8 4.1 4.7 3.9 3.7 3.7 3.3
Asp342−His337 2.8 2.7 3.1 2.6 2.7 3.0 3.1 3.0 2.7
Asp342−Glu189 3.8 2.9 2.7 2.7 2.7 2.7 2.7 2.7 2.9
Asp342−Glu354 4.0 4.2 4.1 4.3 4.0 3.1 3.0 3.0 3.0
Glu354−Glu333 3.7 3.3 4.4 2.6 3.0 3.4 2.5 2.6 2.8
Glu189−His332 3.7 3.7 3.1 2.9 3.2 3.0 3.2 3.0 3.0
Asp170−Glu333 4.9 4.5 4.7 4.9 4.4 4.6 4.7 4.7 4.4
Erelative [kcal/mol] 0.0 -16.7 -5.0 -25.1 -12.1 -3.2 -25.0 3.0
syn/anti protonation 2/3 4/1 1/4 4/1 4/1 3/2 2/3 2/3
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Table 5: Proton transfer during geometry optimization of the 5-proton (table 1), 6-proton (O)
(table 2), 6-proton (OXT) (table 3), and 7-proton (table 4) systems. "w" represents one water
molecule and "w2" refers to two water molecules with a transfer from one to the other water
molecule (i.e. w → w).
System 5-proton 6-proton (O) 6-proton (OXT) 7-proton
sys. 0
His332 → w2 → Ala344
Asp342 → Glu189
Asp342 → Glu189 None None
sys. 1
His332 → w2 → Ala344
Asp342 → Glu189
Asp342 → Glu189 Asp342 → Glu189 None
sys. 2 His332 → Glu189 His332 → Glu189 Ala344 → w → Glu189 Glu333 → w2 → Asp61
sys. 3




Glu333 → w2 → Asp61 Glu333 → w2 → Asp61
sys. 4 Asp342 → Glu189 Asp342 → Glu189 Asp342 → Glu189 None
sys. 5 None
His332 → Glu189
Asp344 → w → Asp170
Ala344 → w → Glu189 None
sys. 6
Glu354 → w → Ala344
His332 → Glu189
His332 → Glu189
Glu333 → w2 → Asp61
Ala344 → w → Glu189 Glu333 → w2 → Asp61
sys. 7 His332 → Glu189
His332 → Glu189
Asp344 → w
Ala344 → w → Glu189 None
Table 6: Distances (in Å) and their standard deviations during ab-initio MD. Displayed in
red are the distances that deviate more than 0.4 Å from the distances measured with X-ray
crystallography.
Distance ab-initio MD crystal
Asp342−His332 3.2 ± 0.2 3.3
Asp342−His337 3.7 ± 0.3 2.7
Asp342−Glu189 2.8 ± 0.2 2.9
Asp342−Glu354 3.0 ± 0.2 3.0
Glu354−Glu333 2.9 ± 0.2 2.8
Glu189−His332 3.2 ± 0.2 3.0
Asp170−Glu333 4.8 ± 0.2 4.4
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Figure 1: The photosystem II structure of thermophilic cyanobacteria Thermosynechococcus
vulcanus (left) and a moiety of the so-called water-oxidizing complex (WOC): eight amino
acids of the cavity coordinating the Mn4CaO5-cluster built up from one calcium, four man-
ganese and five oxygen atoms and four water oxygen atoms (oxygen atoms displayed in red)23.
For reasons of clarity no hydrogen atoms are added (PDB ID:3WU2).
Table 7: Distances (in Å) and relative energies after optimization with DFT with an additional
water molecule inside the cavity and five protons in the cavity. Displayed in red are the dis-
tances that deviate more than 0.4 Å from the distances measured with X-ray crystallography.
The relative energies Erelative are calculated as Erelative = Ei −E0, i = 1, . . . ,7, where Ei is the
energy of system i = 1, . . . ,7 and E0 the energy of system 0. Further the ratio syn to anti
protonated carboxylate groups after optimization is shown.
Distance sys. 0 sys. 1 sys. 2 sys. 3 sys. 4 sys. 5 sys. 6 sys. 7 crystal
Asp342−His332 3.9 3.9 4.4 3.9 3.8 4.1 4.3 4.2 3.3
Asp342−His337 2.5 2.6 2.8 2.6 2.6 2.9 3.1 2.9 2.7
Asp342−Glu189 2.5 2.5 4.9 2.5 2.5 4.3 5.6 4.2 2.9
Asp342−Glu354 3.3 3.3 3.0 3.2 3.5 3.0 3.1 3.1 3.0
Glu354−Glu333 2.7 3.0 3.1 2.5 3.6 3.2 3.2 3.5 2.8
Glu189−His332 3.4 3.6 2.6 3.6 3.3 2.6 2.6 2.6 3.0
Asp170−Glu333 4.9 4.6 4.8 4.7 5.3 4.7 4.9 4.7 4.4
Erelative [kcal/mol] 0.0 -2.8 17.2 -1.4 1.2 16.0 -0.5 -1.6
syn/anti protonation 2/1 2/1 2/1 2/1 2/1 2/1 1/2 2/1
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Figure 2: a) The depleted cavity formed by the coordinating amino acids. Shown are the protons
that are not moved during the investigations (in orange), the protons at the amino acid residues
as Zhang et al. (system 0)22 suggested (in green) and the protons inverse to the suggestion of
Zhang et al. (system 7 in red). The small black numbers indicate the proton positions of the
remaining systems 1 to 6. Furthermore the two water molecules observed inside the cavity are
shown (PDB ID:5MX2). b): All amino acids taken into account in the calculations.
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Figure 3: Distances (in Å) that Zhang et al.22 measured in the crystal structure (left) and the
atoms where additional protons were placed indicated by arrows (right) (PDB ID:5MX2).
Figure 4: Expanded system 6 with seven protons before optimization (left). The overlay of
the system after optimization (in color) and the structure from X-ray crystallography (in pink)
(right). In addition to the carboxylate groups Zhang et al. suggested, the carboxylate groups of
the terminal Ala344 and Glu189 residues were protonated.
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Figure 5: Overlay of snapshots from the ab-initio MD trajectory (in color) and the structure
from X-ray crystallography (in pink) (left). The proton transfer process during the simulation
(right). The yellow marked hydrogen atoms are transferred during the MD run, when the
distance between the proton at His332 and an oxygen atom of one water molecule inside the
cavity was constrained.
Figure 6: Distance of Glu333 and Glu354 in the course of a trajectory measured between the
oxygen atoms Zhang et al. specified (left) and between the other oxygen of the carboxylate
group of Glu354 and Glu333 (right). The mean value of the distances is calculated taking
into account all distances after the rotation of the carboxylate group is finished. The blue line
representing the mean value indicates what part of the trajectory was used for determination of
the mean value.
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Figure 7: Distribution and mean value of distance between Glu333 and Glu354 measured be-
tween the oxygen atoms Zhang et al. specified (left) and between the other oxygen of the
carboxylate group of Glu354 and Glu333 (right).
Figure 8: Structure of the cavity with an additional third water molecule inside the cavity after
optimization with DFT of system 6 (left) and a snapshot of an ab-initio MD run of system 0
(right). The additional water molecule is shown in yellow. Selected amino acid distances are
indicated with dotted lines.
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Figure 9: Table of Contents: Different protonation patters of the photosystem II without the
water-oxidizing complex (apo-PSII) have been investigated computationally. Static and dy-
namic density functional theory simulations show which proton distributions lead to agreement
with experimental X-ray data, thus paving the way for further investigations of the photoassem-
bly process of photosystem II.
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